there are limited reports on the surgical outcome in patients with hemorrhagic MMD. The goal of this study was to determine whether extracranial-to-intracranial bypass would improve hemodynamic impairment and provide a benefit for patients with hemorrhagic MMD.
Methods

Study Population
The research ethics board of our institution approved the protocol for this prospective single-center study. During the study period (January 2007 to August 2011), all patients who were admitted to our center because of spontaneous intracranial hemorrhage (ICH) were evaluated as potential candidates for the study. The inclusion criteria were angiographically verified MMD (under the guidelines of the Research Committee on MMD according to the Ministry of Health and Welfare in Japan 4 ), hemorrhagic attack identified by CT scanning, patient age of 18-75 years, preoperative modified Rankin scale score (mRS) ≤ 2, and from 1 month to 1 year after the last ictus of hemorrhage.
The exclusion criteria were MMD with ruptured aneurysm in the main stem of the intracranial arteries, other concurrent intracranial lesions, and life expectancy less than 1 year because of another medical condition. Patients whose MMD was with associated aneurysms in the peripheral portion of the MMD vessels were not excluded from the study.
Each patient or family member signed an informed consent for patients enrolled in this study. The patients' demographics, clinical data, images, and follow-up information were prospectively collected.
Periprocedural Management, Surgical Procedure, and Follow-Up
Angiographic staging was based on the published guidelines of Suzuki's 6-stage classification. 27 Each hemisphere was assessed for the association of the angiographic changes of the anterior choroidal and posterior communicating arteries (AChA-PCoA) with hemorrhagic ictus. The modified grading system for the angiographic findings of the AChA-PCoA was based on the criteria suggested by Morioka et al. 21 and modified by Liu et al. 16 Generally, we revascularized the hemorrhagic side visualized on CT scanning. The surgical method was revascularization using combined direct and indirect bypass. The direct bypass procedure was a microsurgical endto-side anastomosis of 1 or 2 superficial temporal artery (STA) branches to identical cortical branches of the middle cerebral artery (MCA). The choice of a single or double bypass depended on how well the feeding artery matched the recipient artery. An encephalo-dura-myo-synangiosis (EDMS) was used as the indirect bypass procedure, which we described in our previous study. 7, 29 After the direct bypass, indocyanine green (ICG) fluorescence imaging or Doppler ultrasound was regularly used to provide a reliable and rapid intraoperative assessment of the bypass patency.
In general, antiplatelet therapy was not used for fear of potential rebleeding after revascularization. CT and MR scanning were performed if the patient had a new neurological event. After discharge, each patient had a follow-up visit at 90 days. The subsequent follow-ups were completed as clinic visits, by telephone, or by letter once a year until July 2013. An independent neurologist evaluated the neurological status of the patients by using the mRS. CT and MRI scans were obtained if a new neurological event occurred.
Angiographic follow-up was scheduled at 6 months after the operation for the assessment of disease and effectiveness of the revascularization. The angiographic progress of MMD was evaluated according to the decreased numbers in basal MMD vessels and the improvement of dilation of AChA-PCoA. The method to evaluate numbers of MMD vessels was to measure the area with pathological basal vessels and calculate the relative percentage of the pathological moyamoya area compared with the area of the MCA feeding territory in the capillary phase of the anteroposterior view in the internal carotid angiogram. Improvement of the angiographic characteristics of AChA-PCoA was defined as reduction of dilation and branch extension of AChA-PCoA on follow-up digital subtraction angiography (DSA). The anastomosis was evaluated by 2 independent neurosurgeons who were not involved in the surgery, with reference to the criteria proposed by Matsushima and Inaba for the evaluation of transdural collaterals after revascularization. 18 
End Point Assessment
The mRS score at the most recent follow-up or the end point event after enrollment was independently assessed by neurologists. The primary end point for all participants was the combined total of all strokes and death from surgery within 30 days after the procedure and ipsilateral recurrent hemorrhage afterward. The secondary end points included rebleeding on the contralateral side, ischemic stroke beyond 30 days, and transient ischemic attack (TIA) on the surgically treated side at any time.
Statistical Analysis
The patient demographic data, angiographic outcomes, and clinical outcomes were presented as the mean ± SD for the continuous variables. The cumulative probability of the occurrence of a primary end point over time was estimated by the product-limit method at 1 year and 2 years. The correlation between angiographic findings and clinical findings was examined using the chi-square test. Differences of a p value < 0.05 were considered statistically significant.
Results
Baseline Demographic Data
A consecutive cohort of 113 patients was enrolled in this study. The baseline demographic data are presented in . One hundred one of the patients were asymptomatic prior to their first bleeding episodes, whereas 12 of the patients had ischemic symptoms prior to their first episodes. TIA was the most common symptom, occurring in 8 of the 12 patients in the ipsilateral hemisphere and in 2 in the contralateral hemisphere. Ischemic stroke occurred in the other 2 patients and was verified by MRI in the ipsilateral hemisphere. Seven of these 12 patients received antiplatelet therapy thereafter. Table 2 summarizes the lesion characteristics (Suzuki grade). Table 3 describes the angiographic dilation and extension of AChA-PCoA (modified Morioka grade) in 226 hemispheres. In 74 of 113 hemorrhagic hemispheres (65.5%), the AChA-PCoA was extremely dilated with extensive branches beyond the choroidal fissure (modified Morioka Grade 2), which only occurred in 41 of 113 nonhemorrhagic hemispheres (36.3%). The difference was statistically significant between hemorrhagic and nonhemorrhagic hemispheres in this cohort (Table 3 , p < 0.05).
Surgical Results
The surgical procedure was performed at 46.7 ± 10.6 days (range 31-92 days) from the last ictus. A total of 114 surgeries were performed; 1 patient underwent staged bilateral surgery due to rebleeding in the contralateral hemisphere. All hemispheres were treated with direct bypass combined with indirect bypass. In 60 cases a double bypass was performed in the hemispheres, and in 54 cases a single bypass was performed in the hemispheres. The ICG demonstrated a 100% patency rate for each anastomotic stoma during the procedure. Surgical complications occurred in 14 patients. Five suffered intracranial infection and recovered after antibiotic therapy. Two experienced epileptic seizures within 3 days after surgery. One had asymptomatic epidural hematoma on the day after the surgery and underwent immediate evacuation. The bypass was preserved well during the procedure. The other 6 patients manifested disorientation or focal neurological deficit (fluctuating aphasia, weakness or numbness in the contralateral limbs, and facial palsy) related to the surgically treated hemisphere on the postoperative 2nd to 5th days without any evidence of stroke on CT or MRI. The symptoms lasted about 3-4 weeks and resolved spontaneously and completely with the use of a free radical scavenger and calcium channel antagonist. Cerebral hyperperfusion syndrome was considered to occur in these 6 patients.
Primary End Point
In this cohort, 7 patients were lost to follow-up. The remaining patients underwent clinical follow-ups at a mean of 30.33 ± 10.7 months (range 21-72 months). No patient suffered ischemic or hemorrhagic stroke within 30 days of surgery. During the follow-up period, the primary end point event of ipsilateral rebleeding occurred in 5 patients, 4 of whom died from the rebleeding event.
The cumulative probability of the occurrence of a primary end point was 0% at 1 year and 1.9% at 2 years ( Fig.  1 left) . The annual rebleeding rate was 1.87% according to the person-year method. The Kaplan-Meier curve for rebleeding-free survival during the mean follow-up period is shown in Fig. 1 right.
Secondary End Point
Sixteen secondary end point events were observed 
Clinical Outcome
The patients' mRS scores at the latest follow-up are listed in Table 4 . Of the 106 patients, 4 died of ipsilateral rebleeding. Three patients had severe neurological deficits (mRS Scores 3-5) due to the brain damage caused by the second ictus of intracranial hemorrhage, including 1 patient who suffered ipsilateral rebleeding after the revascularization and 2 patients who suffered contralateral rebleeding. The remaining 99 patients attained good outcomes with or without mild neurological deficits (mRS Scores 0-2), including 6 patients suffering new TIAs in the unoperated hemispheres beyond 30 days. Among the 12 patients who suffered ischemic symptoms prior to their last bleeding episodes, 2 of 8 patients with ipsilateral TIAs suffered recurrent TIAs in the same hemisphere beyond 30 days after surgery (calculated as secondary end point). One of 2 patients with contralateral TIAs did not experience TIAs in the follow-up period; the other suffered TIAs in the unoperated hemisphere until the most recent follow-up visit. No recurrent stroke occurred in the 2 patients with ipsilateral ischemic stroke prior to the bleeding ictus.
Angiographic Outcome
Efficacy of Bypass. Postoperative angiograms were obtained for 107 hemispheres in 106 patients with 167 anastomotic stomas (60 double bypass and 47 single bypass) at a mean of 10.6 ± 2.7 months (range 6-16 months). All the bypass grafts were confirmed to be patent. Transdural and transpial collaterals on the operated site were graded according to the Matsushima criteria. Table 5 summarizes the results of this variable. The revascularization established from the middle meningeal artery (MMA) and deep temporal artery (DTA) via the indirect procedure was also evaluated by DSA. Sixty-two (57.9%) of 107 operated hemispheres showed that both the MMA and DTA had spontaneous anastomosis with cortical branches. In the other 44 patients (41.1%), spontaneous anastomosis in the operated hemisphere was observed only in the DTA. Only 1 operated hemisphere showed The cumulative probability of stroke and death from surgery within 30 days of surgery and ipsilateral recurrent hemorrhage afterward was 0% at 1 year and 1.9% (95% CI 3.5%-9.06%) at 2 years. Right: The Kaplan-Meier curve for rebleeding-free survival in 106 patients with hemorrhagic MMD during the mean follow-up period of 30.33 months. Cum = cumulative. that neither MMA nor DTA had established spontaneous collaterals in the MCA feeding territory.
Decrease in Number of MMD Vessels. Table 6 describes the distribution of angiographic grading for decrease of MMD vessels in the operated hemispheres and no operated hemispheres. No statistical difference was observed in the decrease in the number of MMD vessels between surgical and nonsurgical hemispheres (p > 0.05).
Improvement in AChA-PCoA Extension. Among the 212 hemispheres (107 operated and 105 unoperated) in 106 patients, the improvement in AChA-PCoA extension was evaluated in comparison with preoperative DSA; the characteristics of these patients are shown in Table  7 . Overall, the improvement in AChA-PCoA extension was observed in 75 of 107 operated hemispheres (70.1%) and 37 of 105 unoperated hemispheres (35.2%). The difference was statistically significant between surgical and nonsurgical hemispheres in this cohort (p < 0.05).
Discussion
Clinical Manifestation and Angiographic Patterns
The mechanisms of MMD-related intracranial hemorrhage are always under discussion. Some authors have suggested that hemodynamic stress on the fragile MMD vessels might be correlated with the hemorrhagic ictus, 10, 12, 15 and others have supported that dilation and branch extension of the AChA-PCoA was the strong factor. 16, 21 In our study period, there were 113 patients with hemorrhagic MMD; 63 (55.7%) presented with pure IVH and 36 (31.9%) presented with IVH with ICH. Intraventricular hemorrhage seemed to be more frequent in hemorrhagic MMD. Most of the patients (81 of 113 patients, 71.7%) harbored Grade III or IV lesions based on the Suzuki grading system. These patterns of the hemorrhagic locations and lesion characteristics were consistent with those previously reported in the literature. 23 We also reviewed distribution of the AChA-PCoA changes, which showed that bleeding events were related to angiographic changes of the AChA-PCoA. Grade 2 lesions according to the modified Morioka scale were predominantly associated with the hemorrhagic ictus. In addition, the dilated and extended AChA-PCoA might produce preferential development of IVH due to the rupture of focal protrusions or microaneurysm formation in the distal branches. The findings were also consistent with the previous study. 23 
Low Rebleeding Rate After Surgical Procedure
The clinical outcome of the extracranial-intracranial bypass for patients with hemorrhagic MMD in this single high-volume center study compares favorably with that of conservative therapy reported previously in the literature. So far, there have been 4 published studies investigating the natural history of hemorrhagic MMD. Two Japanese studies reported annual hemorrhage rates ranging from 6% to 7% in adults. 14, 22 However, the other 2 studies reported a relatively low risk of rehemorrhage, ranging from 0% to 1.7% after conservative therapy for a small sample of hemorrhagic MMD patients. 2, 6 The shared limitation of these studies was the small sample size.
The low rebleeding rate might be related to the aggressive surgical strategy for the patients in this cohort. Direct bypass procedures are often performed in patients with MMD, 3, 11, 19, 26 whereas the options for indirect bypass are controversial. 8, 9, 28 Our indirect revascularization technique, termed encephalo-dura-myo-synangiosis (EDMS), which is distinguished from encephalo-duro-arteriosynangiosis (EDAS), encephalo-myo-synangiosis (EMS), and encephalo-duro-arterio-myo-synangiosis (EDAMS), produced a definite therapeutic effect on MMD. As shown in postoperative DSA images, Matsushima Grade A transpial and transdural collaterals were present in 84.1% of the hemispheres with synangiosis sites, indicating that this procedure generally resulted in well-developed collateralization of the brain. From the obtained DS angiogram, we found that the collaterals from the MMA or DTA developed in most of the surgically treated patients, which demonstrates that these 2 arteries played an important role in the establishment of the collateral circulation. In our surgical strategy published in the previous reports, the integrity of these 2 arteries was carefully preserved during craniotomy, which guaranteed the further established cortical network from MMA and DTA.
How to Reduce Rebleeding Events
In the past decades, attempts have been made to determine the potential mechanisms of lower rebleeding risk after revascularization. Some authors believe that revascularization might cause a lower degree of proliferation of basal MMD vessels. 13, 30 In this cohort, 61 (57%) of 107 hemispheres had fewer MMD vessels after revascularization. This proportion was not higher than that in the unoperated hemispheres, indicating that revascular- ization may not promote the spontaneous occlusion of pathological MMD vessels. Due to the finding that dilated and extended AChAPCoA was a significant cause of bleeding, we presumed that the improvement of AChA-PCoA dilation in the surgically treated hemispheres might be correlated with the low rebleeding rate. In our cohort, we found that extracranial-to-intracranial revascularization could lead to improvement in AChA-PCoA dilation rather than reduction in basal MMD vessels (Fig. 2) . Of note, our cohort included 2 patients harboring a distal AChA aneurysm, which disappeared after revascularization. 24 These 2 cases suggest that revascularization may relieve the hemodynamic stress in AChA-PCoA. We compared the angiographic changes of the AChA-PCoA between the patients who suffered rebleeding in the surgical hemispheres and those who did not (Table 8 ). Improvement in AChA-PCoA dilation and extension occurred in 73 (71.6%) of 102 hemispheres that did not have rehemorrhage and in 2 (40%) of 5 hemispheres that did have rehemorrhage; thus, improvement tended to occur more frequently in patients who do not experience hemorrhage and might be the most possible predictive factor for the low rebleeding rate. In addition, we reviewed the patients who encountered ipsilateral rebleeding in the surgically treated hemisphere ( Table 9) . Three patients with improvement in AChA-PCoA extension presented with ICH and the other 2 patients without it presented with IVH, which indicated that AChA-PCoA system was closely correlated with IVH rather than ICH in hemorrhagic MMD.
High Mortality in Rebleeding Patients
The 80% mortality rate due to postoperative ipsilateral rehemorrhage in this cohort was extremely high. Liu et al. conducted an extensive study of 97 consecutive patients with hemorrhagic MMD. 17 The results revealed that mortality from rebleeding in the surgery group (50%) tended to be higher than that in the conservatively treated group, but this was not statistically significant. These findings indicate that the mortality rate was higher if rebleeding occurred in the patients who had undergone revascularization. The mechanisms of this phenomenon have not been fully elucidated. We presume that revascularization provides additional collaterals for the operated hemisphere, resulting in immediate reperfusion and long-lasting restoration of the blood supply, which might penetrate the fragile MMD vessels if the pathological process is not stopped by the surgery.
Limitations
The current study has several limitations. First, it was not a randomized controlled study. There may have been bias in patient selection and demographics. Second, the conservative treatment methods used in different cohorts were not identical in the previous studies. With the development of medication in the current years, it is noted that the rebleeding rate after conservative therapy was much lower in the latest study. Thus, our results should be interpreted with more caution to deduce a likely benefit of surgery versus conservative treatment. The other main limitation of this research is the midterm follow-up period. MMD is a gradually progressive lesion, and therefore much longer-term follow-up is necessary to investigate the progress of MMD after revascularization.
Conclusions
Our results indicate that revascularization may provide a benefit for patients with hemorrhagic MMD. The improvement of dilation and branch extension of AChAPCoA might be correlated with the low rebleeding rate. A randomized controlled trial comparing revascularization with conservative therapy, conducted at multiple highvolume institutions, is needed to confirm the efficacy of surgery. The results of the Japan Adult MMD Trial are highly anticipated. 
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